The process of childbirth is accompanied by an increase in oxidative stress, as birth is, in itself, a hyperoxic challenge. The fetus transfers from an intrauterine hypoxic environment with a pO 2 of 20 -25 mm Hg to an extrauterine normoxic yet relatively hyperoxic environment with a pO 2 of 100 mm Hg (1) . Increased exposure to oxygen at relatively high concentrations, compared with the womb can be accommodated by neonatal animals of many species because of the newborn lungs' ability to increase its normal complement of protective antioxidant enzymes during O 2 exposure (2) . The evolutionary adaptation to extra uterine aerobic existence required the development of efficient cellular electron transport systems to produce energy. In concert with this challenge to energyproducing oxidative metabolism, biochemical defenses including antioxidant enzymes, evolved to protect against oxidation of cellular constituents by oxygen radicals (3) (4) (5) .
Not only do these antioxidant enzymes mature during late gestation (6) but there is increased transfer of antioxidants across the placenta, including vitamins E, C, beta-carotenes, and ubiquinone during the last days of gestation (7, 8) . While attention has been focused on pathologic diseases in newborns, particularly the premature infant (9,10) either from immaturity or impairment of antioxidant enzymes or an increase in the production of reactive oxygen species (ROS) due to elevated intakes of O 2 , few data exist about the neonatal adaptation to physiologic stress of delivery and early postnatal life in fullterm healthy infants.
Clearly ROS play a role in signal transduction and are essential for development (11) . How the newborn infant can cope with possible excess exposure to ROS is not yet clear. It is possible that developing antioxidant defense mechanisms may be overcome by the generation of excessive ROS during the neonatal period (12) . We and others have shown that human milk provides antioxidant protection in early life with the direct ability to scavenge free radicals, not seen in artificial infant feeds (13, 14) . Indeed, van Zoeren-Grobben reported that infants fed human milk had higher plasma trapping ability, a measure of resistance to oxidative stress in vitro, than did control infants who were formula fed (15) . This may be due to the presence of antioxidant enzymes glutathione peroxidase (GPx), catalase (Cat), and superoxide dismutase (SOD) present in human milk, but not in formula (16) , which in addition to their antioxidant effect in the gut may pass through the porous neonatal intestine early in infancy (13) .
We hypothesized that early infancy would be a time of oxidative stress due to the difficulty of adapting to ambient oxygen. Therefore, as part of a larger study on iron metabolism we assessed lipid peroxidation, activity of antioxidant enzymes, and the ability to resist oxidative stress in full-term healthy breast-fed infants during the 1st year of life. As a measure of lipid peroxidation we measured F 2 -isoprostanes, which are prostaglandin F 2 -like compounds produced by freeradical catalyzed peroxidation of arachidonic acid (17) . Measurements of F 2 -isoprostanes are considered the most reliable approach to assess oxidative stress in vivo. To examine a comprehensive set of measures of oxidative stress we assayed activities of SOD, CAT, and the ferric reducing ability of plasma (FRAP) assay as a measurement of overall ability to resist oxidative stress.
METHODS

Subjects.
Between January 1999 and August 2000, motherinfant dyads were approached in the regional postpartum unit in St. John's, Newfoundland, for informed consent to enter this study. The primary requisite for inclusion was intent to breastfeed exclusively (with no more than one supplemental feed per day for at least 4 mo), as per recommendations (18) . Exclusion criteria included gestation Ͻ37 wk, birthweight Ͻ2.5 kg, multiple pregnancy, major illness requiring intensive care admission, and major congenital anomaly. Seventy-seven dyads that were successfully breast-feeding at 1 mo were recruited and a subset was studied. Parents' educational status, socioeconomic status, and other demographic data were ascertained at study entry.
Methods. Blood samples were drawn by venipuncture (1 mL) into heparinized vacutainer tubes at study entry (1 mo Ϯ 2 d) and follow-up clinics at 3.5, 6, and 12 mo (Ϯ 1 wk). Samples were analyzed for red blood cell superoxide dismutase and catalase by spectrophotometric measurements (19, 20) ; ferric reducing ability of plasma (FRAP) according to Benzie and Strain (21) using standard procedures from our laboratory. Plasma F 2 -isoprostanes were measured by gas chromatography mass spectrometry (17) . Not enough blood was available for all analyses. Anthropometric data were obtained at each clinic visit.
Data analysis. Continuous variables were analyzed using repeated measures ANOVA, t tests and Pearson correlation coefficients (SPSSx v9.0). Nominal variables were compared by 2 test. Significance (two-tailed) was assigned at p Ͻ 0.05. Ethical approval was obtained from the Human Investigation Committee of Memorial University of Newfoundland and informed consent was obtained from parents/guardians of each infant.
RESULTS
Dropout rates. Seventy-seven, 56, 51, and 44 infants were seen at 1, 3.5, 6, and 12 mo for blood collection, respectively. The number of samples analyzed at 1 mo for FRAP, CAT, and SOD was n ϭ 73, for F 2 -isoprostanes n ϭ 12; at 3.5 mo for FRAP, CAT, and SOD n ϭ 48, for F 2 -isoprostanes n ϭ 32; at 6 mo for FRAP, CAT and SOD n ϭ 37, for F 2 -isoprostanes n ϭ 6; at 12 mo, FRAP, CAT, and SOD n ϭ 27. At 1 mo, all infants were exclusively breast-fed except three infants, receiving about 125 mL formula/d. At month 3.5, 14 infants received supplemental feedings of about 125 mL/d. By 6 mo, the majority of infants received formula and by 12 mo most infants received cow's milk, or formula alone.
F 2 -isoprostane levels ( Fig. 1 ) declined significantly from month 1 to 3.5 months, and from 3.5 months to 6 mo. FRAP (Fig. 2) showed a trend to decline over the same time period. The levels of F 2 -isoprostanes at 1 month were markedly elevated compared with levels measured in normal adults (35.5 Ϯ 6.1, mean Ϯ SD) (17, 22) . CAT activity (Fig. 3) showed a significant rise between 1 and 3.5 mo of age and a subsequent decline between 3.5 and 6 mo. SOD activity (Fig. 4) declined significantly between 3.5 and 6 mo of age and were higher than levels measured in normal adults (0.8 Ϯ 0.01 (22)). No biochemical variables were related to either parental data or infant anthropometric data (not shown).
DISCUSSION
The unexpected finding from our study was the markedly elevated levels of F 2 -isoprostanes in plasma in early infancy (Fig. 1) . The rapid decline in F 2 -isoprostanes between 1 and 3 and 3 and 6 mo to normal adult levels (35.5 Ϯ 6.1, (17,23)) suggests that these infants have slowly adjusted to oxidative Figure 1 . F 2 -isoprostane levels in plasma of in full-term healthy infants (X Ϯ SEM). 879 stress over time. In support of these findings both SOD and CAT increased between 1 and 3 mo and then declined, suggesting a response to oxidative stress that appears to be ameliorated with age.
Further support for a response to oxidative stress comes from the FRAP assay. This assay measures in vitro the global ability of the infant to resist an oxidative challenge. Levels from month 1 declined thereafter, and at no time in infancy did FRAP values reach normal adult levels (1017 Ϯ 206 M (21). As FRAP measures the global ability to resist oxidative stress, and F 2 -isoprostanes reflect the effects of oxidative stress resulting in tissue damage, high F 2 -isoprostanes at month 1 and a declining FRAP value throughout infancy suggest that normal healthy full-term infants are coping with oxidative stress early in life. The most likely candidates, although additional factors may be involved for this stress, are the transition from a hypoxic environment in the womb to a normoxic but relatively hyperoxic extrauterine environment and a high metabolic rate requiring a high level of mitochondrial respiration and subsequent enhanced mitochondrial superoxide formation (23) . Because of the high levels of inspired oxygen required to maintain arterial oxygen tension necessary for post natal life, which are substantially higher than those that would normally be present during fetal existence, newborns are far more exposed to reactive oxygen species (ROS) than they would be had they remained in utero. That this transition is stressful can be seen from supportive evidence concerning the mortality rate in the first 28 d of life compared with the remainder of infancy (24) . In the United States, 67% of all deaths during the 1st y occur in the 1st mo of life. This mortality data suggests that the transition from the womb to the extrauterine environment is an oxidative challenge, that may overwhelm the antioxidant capacity of the organism (7) and that not all infants can successfully cope with this event. That this challenge involves an oxidative stress in coping with ambient oxygen pressure has been shown in several studies (25) (26) (27) (28) .
There are numerous reports in the literature of oxidative stress associated with birth and that normal labor is associated with oxidative stress for the neonate. Higher lipid peroxidation reflected by increased malondialdehyde levels (MDA) in cord blood, than were found in the neonatal period suggests oxidative stress during the birth process (25) (26) (27) . Two further studies reported increased MDA in newborn infants compared with adults (28, 29) . Berger et al. (30) reported higher levels of F 2 isoprostanes at birth in preterm infants compared with adults, suggesting that premature birth is associated with even greater oxidative stress. Elevated F 2 isoprostanes in children under 6 mo of age compared with older children were attributed to both a higher frequency of infections in children fewer than 3 y associated with a higher metabolic rate (31) .
Collectively these data suggest that newborn infants are experiencing oxidative stress that resolves only with age. Possible mechanisms may include the degradation of fetal erythrocytes that are present in early infancy. In vitro, fetal erythrocytes produce more superoxide and hydrogen peroxide than do adult red blood cells (32) . It is known that during the fetal-neonatal transition period, dramatic changes are occurring in the pO 2 in lung and blood cells with a more gradual change in liver and brain (33) . These changes may result in increased oxidative stress to cells.
Further, Gonzalez et al. (33) reported that changes in antioxidant defenses could be related to the beginning of food intake after birth, which entails higher hepatic metabolism rate as well as oxygen consumption. While we did not study bottle-fed infants from birth, some of our infants switched to formulas during the first 6 mo. There were no differences in any of our measurements according to type of feed. Others (34) reported that bottle-fed infants from 2-4 mo of age had lower MDA than breast-fed infants and attributed these findings to higher levels of long chain fatty acids, present in human milk but not formulas. In the latter study (34) there was no difference in the in vitro ability to resist oxidative stress, suggesting that these infants could cope with this oxidative stress, as was seen in our study. Recently, infant formulas have been fortified with DHA and EPA, long chain fatty acids (Mead Johnson, Evansville, IN). The effect on oxidative stress seen in early infancy by formula-fed infants with these new supplements remains to be determined.
As with other populations undergoing oxidative stress including premature infants (9) and diabetics (35) , one is tempted to intervene with dietary supplements. Full-term healthy breast-fed infants are routinely given vitamin K supplements at birth, and vitamin D supplements during infancy (36) . Indeed it was once common to give vitamin D as part of a multivitamin solution containing vitamin A (an antioxidant) as well as vitamin K (Michael Moffatt, personal communication). We hypothesize that it would not be unreasonable to consider antioxidant supplements in early infancy at least for selected groups of breast-fed infants including those of multiple pregnancies or infants from low socioeconomic backgrounds. We know that formula-fed infants consume greater amounts of vitamins and minerals than are present in human milk (37, 38) without any known untoward effects. Alternatively, mothers could be supplemented with additional antioxidant nutrients during pregnancy to enhance the endogenous ability of the infant at birth to cope with oxygen stress. In either case, the goal of supplementation would be to reduce oxidative stress (decreased F 2 -isoprostanes) and increase the endogenous ability of the infant to resist oxidative stress (maintain a higher FRAP).
We repeat that these are hypotheses, particularly as we did not follow infants during the 1st month of breast-feeding in the current study. As well, a high O 2 tension is required for maturation (39) and free radicals are essential as cell signaling molecules (40, 41) . The benefit of supplementation would be uncertain, as it appears to be the imbalance of response to oxidative stress that is problematic rather than oxidative stress itself.
